Very high pressure freezing and cryosubstitution of Kurloff cells preserves the ultrastructural morphology of Kurloff bodies, particularly the myelin figures, as shown by embedding in epoxy resin and conventional postembedding staining. It also preserves the Kurloff body proteoglycans as more expanded spindle-like shapes than does fixation with formaldehyde at atmospheric pressure. But, proteoglycans were not discernible in the Kurloff body matrix on either unstained or conventionally stained thin sections. The Kurloff body skeleton of proteoglycans in their native expanded shape was stained with the electron-dense cationic ministain cuprolinic blue, using thin sections embedded in LR white. The mean equatorial diameter of the spindles was 20-30 nm, while the collapsed filaments produced by aldehyde fixation were about 10-15 nm wide. The spindles were often about 200-300 nm long but could be much longer, depending on the plane of the section. Thus, high pressure freezing, freeze substitution, embedding in LR white, and staining with cationic dyes such as phthalocyanins seems to be a convenient way of visualizing intracellular proteoglycans that are well preserved and in very much like their native expanded state.
Introduction
Highly hydrated macromolecules such as proteoglycans (PG) are extremely difficult to preserve adequately by chemical fixation. An alternative means of improving ultrastructural preservation is by cryoimmobilization. The high pressure freezing technique developed by Moor et al (1980) , which allows, under optimal conditions, a vitrification of the samples, is well suited to the stabilization of tissue PG. This type of fixation can be combined with freeze-substitution for ultrastructural studies on cartilage PG and particularly on aggrecans, which are preserved in almost their native state (Hunziker et al, 1982 (Hunziker et al, , 1984 (Hunziker et al, , 1992 Hunziker and Schenk, 1984; Hunziker, 1993; Engfeldte/ al, 1994) .
But the electron-density of these highly hydrated extended molecules is low, even after nonspecific postembedding 'staining' with lead citrate or lead citrate plus uranyl acetate. And PG are somewhat difficult to locate and identify even when a conventional aldehyde fixative or aldehyde/osmium is included in the cryosubstitution medium. Engfeld et al. (1994) speculated that the thinnest thread-like structures in the pericellular matrix, represent chondroitin sulfate side chains and the somewhat thicker ones are core proteins in samples processed with aldehyde/osmium in the cryosubstitution medium. Keene and McDonald (1993) , however concluded that no filamentous structures could be distinguished in the densely staining amorphous sol surrounding collagen fibrils when samples were fixed under optimal high pressure freezing conditions.
The postembedding incubation of thin sections with antibodies against epitopes on the PG side-chains, combined with a detection of these antibodies with other 'macrostains' (Scott, 1985 (Scott, , 1989 , such as 10 nm colloidal gold particles, is a good method of identifying and locating antigenic material, but it suffers from the same morphological limitations on the shape and extent of the corresponding macromolecules.
Electron-dense cationic dyes with molecular weights of about 1000, such as ruthenium hexaammine trichloride, cupromeronic blue, or cuprolinic blue (CB) have often been successfully employed in preembedding procedures at atmospheric pressure and temperature to immobilize and contrast aldehyde-fixed PG in the extracellular matrix. These 'ministains' (Scott, 1985 (Scott, , 1989 , form electron-dense complexes with the very anionic glycosaminoglycan side chains of sulfated PG, even at high MgCl 2 concentrations. The affinity of the dye for the less anionic glycosaminoglycans disappears with increasing critical MgCl 2 concentrations, giving this staining procedure a certain specificity (Scott, 1980) . The most important feature is that they outline the shapes and define the positions of their substrate with great precision and resolution, because of their small size. But the extracellular matrix PG of aldehyde-fixed tissue are collapsed, dislocated, or extracted. Hence, the precipitates formed by the 'ministain' with aldehyde-collapsed PG reflect the organization and size of these collapsed macromolecules, making high resolution imaging difficult. CB has also been employed to selectively reveal the very peculiar ultrastructural organization of sulfated PG in intracellular granules in Kurloff cells (KC, a leukocyte specific to the guinea pig; for review, see Landemore et al., 1992) and in guinea pig basophilic polymorphonuclear cells under these conditions (Landemore et al, 1994 (Landemore et al, , 1995 .
There have been no attempts, to our knowledge, to selectively visualize die in situ, native shape of cryoimmobilized PG using a suitable cationic ministain. This study was therefore carried out to examine the suitability of high pressure freezing and cryosubstitution (HPF/CS) embedding in hydrophilic resin and staining with CB, for determining, without any chemical fixation, the ultrastructure of the intracellular PG of the Kurloff body (KB). The results were compared to those previously obtained (Landemore et al, 1994) using conventional aldehyde fixation and preembedding CB-staining. The KB is the large lysosome organelle (10 \x.m diameter) specific to Kurloff cells which contains very large amounts of proteochondroitin-4-sulphate (Landemore et al, 1986; LetaYef et al, 1989) and is G.Landemore, M.Qoillec and J.Izard thus a suitable model for studying intracellular and intragranular PG (serglycins).
Results
The ultrastructure of the cells after HPF/CS, as revealed by conventional postembedding staining with uranyl acetate and lead citrate or uranyl acetate alone was well preserved. Slightly better results were obtained after embedding in Epon than after embedding in LR white. Cytoplasmic organelles, especially cytoplasmic granules in polymorphonuclear leukocytes, were particularly well preserved. The sole unexpected result was that the heterochromatin of nuclei, generally had an unusual network appearance with vacuolization (Figure 1) , probably artifactual. Kurloff bodies in Kurloff cells were particularly well preserved and easily recognizable by their electron dense, amorphous central matrix and their typical peripheral myelin figures (Figure 1 ). The lamellae of the latter were clear, as expected without osmium tetroxide treatment. The periodicity of the stacking of these lamellae was particularly regular after Epon embedding, but was slightly less regular after LR white embedding. The central matrix of the KB had a typical dense, homogeneous amorphous texture in Epon. It almost looked microgranular at very high magnification (data not shown). It was less electron-dense in LR white and appeared slightly less homogeneous. The electron opacity of the central matrix of the KB is due to its affinity for lead citrate.
Postembedding staining of thin sections with CB alone after HPF/CS, and embedding in LR white led to delicate staining of the proteoglycan skeleton of the KB. The most prominent feature was a network of CB-positive structures which evoked the ballet of a fish bank (Figure 2 ). Elements of this network appeared to be elongated fusiforms electron-dense structures, about 20-30 nm across and about 200-300 nm long. On other sections, when the proteoglycan structures followed the plane of the section for a greater distance, the structures appeared to be very much larger. These elongated large proteoglycan structures were present throughout the sectioned KB matrix, but not in peripheral myelin figures (Figure 2 ). Most were gently curvilinear, but some were Y-shaped and others had a certain sinuosity ( Figure 3 ). There were also smaller spindles with a weaker electron density which frequently crossed the larger ones. Occasionally, spindle-like proteoglycan elements in the most juxtanuclear region seemed to cross the thin space (80 nm) between the KB and nucleus to connect the KB to the nucleus (Figures 2, 4 ). This focal organization consisted of several parallel short proteoglycan spindles (about 80 nm long) with their sharp ends embedded perpendicularly in the KB and in the nucleus envelope.
The precipitates were slightly more dense when stained in the presence of tungstate (Figure 3 ). Subsequent staining with uranyl acetate also slightly reinforced the electron density of the CB-reactive network, while lead citrate staining greatly opacified the KB matrix and thus masked the CB-staining.
KC organelles were not clearly visible after CB-staining alone, except for the electron-opaque particles which were interpreted as ribosomes (Figure 2 ).
Both sialidase treatment and sham-digestion had no effect on the CB-staining pattern of the KC (data not shown). But sections digested with chondroitinase AC had dramatically less CB-staining. The CB-positive network of the central matrix of the KB was generally absent or drastically altered. Control unstained sections of spleen cells contained no electron-dense precipitates on KC. Safranin O and ruthenium hexamine trichloride staining of these cryofixed and cryosubstituted samples embedded in LR white gave poor results, as did CB staining of thin sections of the same cryofixed material embedded in Epon.
The small CB crystals in the CB powder were birefringent, but the CB-stained KB were not regardless of whether the CB-staining was done before or after embedding.
Discussion
Freeze substitution at a very low temperature is the best technique for dehydration (Steinbrecht and Miiller, 1987; HippeSanwald, 1993 ) and yields optimal ultrastructural morphology when combined with epoxy resin embedding at temperatures above zero (Keene and Mac Donald, 1993) . Eggli and Graber (1994) found that high pressure freezing was better than improved chemical fixation (osmium tetroxide/microwave fixation) for the cytoplasmic, intraorganellar, and vitreal matrix compartments, which showed no obvious losses. The cryofixation of native tissue, as soon as possible after removal, is the best available fixation technique for difficult-to-fix objects, such as water-soluble extracellular matrices (Heuser et al, 1979; Hunziker and Schenk, 1984; Engfeld et al, 1986; Knoll et al, 1987; Eggli et al, 1991; Keene and Mac Donald, 1993) . No conventional chemical fixatives were used, after high pressure freezing, in this study. The substitution medium was pure acetone. The ultrastructural preservation of the KC, particularly the KB which are rich in PG, confirms the superiority of high pressure freezing over a chemical fixation. The sole unexpected result was that the nuclear heterochromatin often had an unusual network appearance with vacuolization.
As reported by others, embedding in Epon appeared to be better than in LR white for pure morphological studies. However, Epon embedding appeared to be unsuitable for postembedding staining with CB although others (Scott, 1980; Scott et al, 1981; van Kuppevelt etal, 1984; Iozzo and Pacifici, 1986; Volker et al, 1986; Tenorio et al, 1990; Engfeldt et al, 1994) have also found it appropriate after preembedding staining with the same phthalocyanin dye. Keene and McDonald (1993) found that the cartilage matrix 'appeared as a continuous, densely staining, amorphous sol within which collagen fibrils poorly contrasted. At higher magnification . . . the matrix appeared somewhat granular but no filamentous structures likened to the rotary shadowed appearance of PG .. . could be distinguished' after HPF/CS and conventional staining of 'routine ultrathin-sections' and much thinner sections (30-40 nm). Except for the presence of collagen fibrils, this description fits with our observations of the KB matrix under similar technical conditions. But the data we obtained after conventional staining did not lead us to conclude that PG were not filamentous. We conclude simply that the PG were not selectively stained under these nonselective conditions. The spindle-like shape of KB PG was only seen after selective staining with CB without any conventional staining. Similar results could probably be expected for other PG at other sites.
The strong anionic character of KB, as indicated by the stability of the CB-positivity in the presence of 0.3 M MgCl 2 , and their susceptibility to chondroitinase AC, showed that the CB-reactive network of the KB correspond to the proteochondroitin-4-sulfate that is the only major sulfated glycoconjugate in the KC.
The presence of a 3-dimensional skeleton of CB-reactive elongated proteoglycan structures in the KB was confirmed by postembedding CB-staining. The PG in some of the granules in mature basophilic polymorphonuclear leukocytes (PMN) (Landemore et al, 1995) , the granules in immature basophilic PMN, and some granules of eosinophilic PMN (unpublished observations) all have a similar network organization after aldehyde fixation and CB-staining. Thus the organization of PG in the KB may be a model of the organization of serglycins in leukocyte granules. The quasicrystalline organization of PG in other basophilic PMN granules might be a more ordered variant on the general network model.
While the overall organization of the KB proteoglycan skeleton on the ultrathin sections appears the same after aldehyde fixation and HPF/CS, the low-temperature system gives a finer picture of the morphology of the CB-PG complexes. Their spindle shapes, their greater thickness (20-30 nm versus 10-15 nm), and their length (200-300 nm versus 100 nm) are only seen after high pressure cryofixation and cryosubstitution. Thus, HPF/CS appears to preserve proteoglycan structures in a more expanded state than does chemical fixation.
Engfeldt et al. (1994) found that the extracellular matrix structure seen after HPF/CS was clearly different from that of conventionally prepared specimens, or material to which cationic dyes had been added. Cryotechniques are believed to provide a great step forward in studies on the fine structure of cartilage matrix, enabling in situ identification of macromolecules (Engfeldt et al., 1986; Hunziker and Herman, 1987) . But, attempts to selectively visualize the in situ, native shape of cryoimmobilized PG by means of suitable cationic 'ministains' do not seem to have been performed. We believe that the CB-reactive, spindle-like elements observed after HPF/CS and the elongated filaments observed after aldehyde fixation correspond to the in situ shape of native PG. Cationic electron-dense reagents like CB react only with the glycosaminoglycan polyanionic moiety of the PG molecules regardless of the type of fixation used (aldehyde or cryoimmobilization). They are believed to outline the shapes and define the position of their substrate with great precision and resolution, because of their small size (Scott, 1992) . This small size also allows them to combine stoichiometrically with every repeating unit in the polymer, so delineating and establishing the orientation of the whole molecule vis-a-vis other molecules.
Hence, the shape of the CB-complexes seen in the KB matrix should precisely reflect the shape of the fixed PG, either collapsed after chemical fixation or in their native expanded state after HPF/CS. But Chan et al. (1992) reported a certain similarity between 'the form of elongated prisms' of the CB 'reaction product' and 'the monoclinic crystals of a cuprolinic blue-related substance, phthalocyanin'. We therefore checked to ensure that the CB-reactive, spindle-like elements observed after HPF/CS and the elongated filaments observed after aldehyde fixation truly reflected the shape and size of the KB PG rather than the monoclinic crystal of cuprolinic blue. The lack of birefringence of the CB-stained KB seems to exclude the possibility of any crystalline element in these KB. Furthermore, the curved shapes of the spindle elements in KB are quite unlike a monoclonal crystal with planar surfaces. If crystal growth was only process involved, the crystalline patterns should have a certain uniformity whatever the location and type of fixation. But the PG-CB complexes in aldehyde-fixed basophilic PMN, have different shapes and sizes in different granules within the same cell (Landemore et al., 1995) . The CB-stained structures in KB are better delineated and larger on HPF/CS treated sections than after aldehyde fixation. Moreover, there could be no well-defined populations of CB-stained PG at various extracellular locations (such as those shown by Vftlkerera/., 1986) if they corresponded to a population of CB crystals in growth.
The sizes and shapes of stained substrates was used to establish their status as single molecules or aggregates. The PG filaments in the corneal stroma fixed and stained with CB/ aldehyde, were 2-3 times longer than expected from the morphometric data on the corresponding purified PG molecules, and the stained glycosaminoglycans (GAG) were also thicker than expected. Scott and Dorling (1965) stated that the simplest explanation was that the GAG were laterally and longitudinally aggregated.
Despite the absence of any ultrastructural morphometric references on their size as isolated molecules, hydrodynamic data (Letaief et aL, 1989) suggest that KB PG are relatively small compared to aggrecans. Thus, the large size of the CB-reactive spindles seen after HPF/CS may suggest that they are also aggregates.
In serglycin, the very close attachment of glycosaminoglycan chains on the core protein (schema in Wight et al., 1991) may cause very high local concentration of CB-reactive anionic sites in the vicinity of the core protein. However, without specific labeling of the core proteins, we may only speculate that the GAG side chains and core proteins are colocalized in KB, as they are in heparan sulfate PG in basement membranes (Chan et al., 1992) . Antibodies against the core protein of KB PG could provide answer to this question.
In 1991, Wight et al. compared the heparin form of serglycin with the storage granules from a connective tissue mast cell by means of a suggestive figure that featured a schematic planar drawing of the molecule (about 350 nm wide) superimposed, at the same scale, on an electron micrograph of the granule (1100 nm in diameter) conventionally stained for morphology. The question of the stacking of these molecules in the granule was thus already implicitly asked. Now, it may be suggested that the stacking and supramolecular organization of serglycin molecules in various leukocyte granules should no longer be thought in the limits of the whole granule matrix but in the limits of intragranular structures similar to those observed on KB sections as spindle-shaped elements after CB staining.
Two, and sometimes three, superimposed, crossing spindlelike elements were seen as indicated by the higher electron density of the crossed areas. Calculations based on the thickness of the section and the mean minimal distance between two spindle-like elements, suggested that two or three segments of such large proteoglycan spindles are present in the thickness of a thin section. The peculiar organization of PG spindles in the juxtanuclear region of the KC suggests that the KB skeleton is connected to the nucleus margin.
Large amounts of enzymatically active proteases are bound to serglycin PG in mast cell secretory granules. Since clusters of positively charged amino acids have been identified on the surface of these proteases, there may be an ionic type of binding between these positively charged domains and the negatively charged residues at the glycosaminoglycans of serglycin PG (for review, see Hunt and Stevens, 1995) . Similarly, the lack of any identified major cationic molecular species in the KB suggests that the serglycin skeleton is involved in the packaging of its abundant acid phosphatase content. If this is so, there should be positively charged domains on the surface of these molecules, despite the fact that phosphatases themselves generally have an acidic pi. The presence of such cationic domains might also account for the nonbinding of the anionic sialoacid phosphatases of the KC to anion exchangers.
Materials and methods

Tissue
Guinea pigs were given weekly injections of oestradiol benzoate from Roussel to increase the number of KC, they were anesthetized with ketamine and killed by cervical dislocation and their spleens were removed and mechanically dissociated as previously described (Landemore et al, 1992) .
High pressure freezing and cryosubslitunon
A microdroplel of the spleen cell suspension was placed between two aluminum plates and frozen in liquid nitrogen under a pressure of 2000 atm in the Balzers HPM 010 high pressure freezer (Bal-Tec) The resulting cylindrical frozen blocks (2 mm diameter, 100 \im thickness) were freeze-substituted in acetone (16 h at 183°K, 16 h at 213°K and 12 h at 243°K) without osmium tetroxide (to facilitate the subsequent identification of dense reaction products on the sections) and embedded in Epon or in LR white.
Postembedding staining with cuprolinic blue
Ultrathin sections were placed on nickel grids. They were stained at 60°C for 18 h (to facilitate penetration of the dye into the plastic) with a freshly prepared KuriofT body proteoglycans cuprolinic blue solution (BDH) (1 mg/ml) in distilled water, pH 6.0. The solution contained 0.3 M MgCl 2 (Scott, 1980) Some sections were also stained by immersion for 30 min in 1% sodium tungstate. Stained sections were rinsed in distilled water and examined for PG without further treatment. Unstained sections were also examined.
Postembedding staining with safranin O
Ultrathin sections on nickel grids were incubated for 3 h in freshly prepared safranin O (Ciba, Basel) (0.7 mg/ml) in distilled water, pH 6.0, at 60°C
Postembedding staining with ruthenium hexamine trichloride
Ultrathin sections on nickel grids were placed in a freshly prepared ruthenium hexaammine trichloride (Polysciences, Wamngton) (0.7 mg/ml distilled water, pH 6.0) at 60°C for 3 h.
Chondroitinase ABC treatment
Thin sections were washed thoroughly with 100 mM Tris-HC1, 30 mM sodium acetate, 0.2 mM phenylmethylsulfonyl fluoride, 2 mM ethylenediamine tetraacetic acid, 0.07 mM pepstatin, and 2 mM ethylmaleimide, pH 8.0, and incubated with 1 IU protease-free chondroitinase ABC from Proteus vulgans (EC4.2.2.4) (Seikagaku, Tokyo) in 1 ml of the above buffer containing 0.02 mg bovine serum albumin for 18 h at 37°C (Oohira et at., 1988) . The grids were washed with the above Tns buffer and stained with CB in the presence of 0.3 M MgCl 2 . Controls included sham-digestion (18 h at 37°C in the chondroitinase buffer alone).
Sialidase treatment
Grids were extensively washed with 50 mM sodium acetate buffer (pH 5.0) containing 1 mM CaCl 2 and incubated with 0.5 IU sialidase from Clostridium perfringens (EC3.2.1.18) (Boehnnger) in 1 ml of the same buffer, at 37°C for 24 h. Specimens were washed with the acetate buffer and stained with CB in the presence of 0 3 M MgCl 2
Morphological controls
The ultrastructural preservation of the cells was checked on serial sections stained with uranyl acetate and lead citrate or with uranyl acetate alone.
Electron microscopy
Specimens were examined in a Siemens 102 operating at an accelerating voltage of 60 kV.
Polarizing microscopy
The birefringence of CB-stained KB was checked by examining semithin sections of spleen cells after preembedding fixation/staining in formaldehyde/ CB (Landemore et al, 1994) , and after HPF/CS and postembedding CBstaining under a polarizing microscope. The birefringence of CB crystals was checked by examining commercial dry CB powder placed between a slide and a coverslip.
